The membrane-bound respiratory chain components of alkalophiic Bacillus firmus RAB were studied by difference spectroscopy and oxidation-reduction potentiometric titrations. Cytochromes with the following midpoint potentials were identified at pH 9.0: a-type cytochromes, +110 and +210 mV; b-type cytochromes, +20, -120, -280, and -400 mV; and cytochrome c, +60 mV. Only the higher-potential cytochrome a showed an upward shift in midpoint potential when titrated at pH 7.0. Parallel studies of a non-alkalophilic mutant derivative of B. firmus RAB, strain RABN, revealed the presence of only one species each of a-, b-, and c-type cytochromes which exhibited midpoint potentials of +110, -150, and +160 mV, respectively, at pH 7.0. Membranes of both strains were found to contain menaquinone. At pH 9.0, NADH caused the reduction of essentially all of the cytochromes that were seen in fully reduced preparations of wild-type B. firmus RAB membranes. By contrast, at pH 7.0, NADH failed to appreciably reduce the b-type cytochromes. These findings may relate to our recent proposal that an inadequacy in energy transduction (production of a proton motive force) by the alkalophilic respiratory chain at pH 7.0 is what precludes the growth of B. firmus RAB at a neutral pH.
The membranes of obligately alkalophilic bacilli contain very high quantities of respiratory chain components; the concentrations of membrane cytochromes in Bacillus alcalophilus and Bacillusfirmus RAB are among the highest ever reported for a biological membrane (9) . In the more detailed studies conducted on B. alcalophilus, it has been found that, in addition to the striking quantity of cytochrome heme, there are many different cytochrome species, as distinguished by midpoint potentials (11) . The complexity of the electron transport components was particularly marked among the b-type cytochromes. Of further interest is the finding that a non-alkalophilic mutant derivative of B. alcalophilus has both lower overall quantities of membrane cytochromes and fewer distinct cytochrome species than its wild-type parent (9, 11) . Since the primary mutation apparently involves Na+-translocating porters (10; T. A. Krulwich and A. A. Guffanti, Adv. Microbiol. Physiol., in press), the profound secondary effects on cytochromes were of considerable interest.
In the current study, the properties of the respiratory chain were examined in a second alkalophilic species, B.firmus RAB, and its nonalkalophilic mutant derivative, strain RABN. The first impetus for the study was the question of whether the findings with respect to B. alcalophilus are peculiar to that species or are a more general property of obligately alkalophilic bacil-I. More importantly, B. firmus RAB has been shown to be highly dependent upon added Na+ for the maintenance of a cytoplasmic pH < 9.5 at a very high external pH (5, 8) . This species has also been shown to be capable of survival (but not growth) during extended periods of incubation at a neutral pH (5). Thus, using B. firmus RAB, it will be possible to examine whether a shut-down of the pH homeostatic mechanism or a shift in external pH results in changes in membrane cytochromes, producing a pattern similar to that seen in the non-alkalophilic mutants. Preliminary to such studies, it was important to characterize the normal cytochrome complements. We MATERALS AND METHODS Bacteria and growth conditions. B. firmus RAB and its non-alkalophilic mutant derivative strain RABN were isolated as a part of earlier studies (2); they were grown at pH 10.5 and 6.8, respectively, in the Lmalate-containing media described previously (2, 3) . All cultures were grown at 30°C with shaking.
Preparation of everted membrane vesicles. Membrane vesicles were prepared by a slight modification of the lysozyme procedure of Kaback (4, 13) . The buffers used for lysis and washing contained either 100 mM potassium carbonate buffer (pH 9.0) or 100 mM potassium phosphate buffer (pH 7.0) and 10 mM MgSO4. Vesicles were everted by a single passage through a French pressure cell at 8,000 lb/in2 by the method of Kobayashi et al. (6) . Everted vesicles were used in all of the determinations because their smaller volume facilitated the preparation of more concentrated suspensions which caused less light scattering than did the suspensions of right-side-out vesicles.
Spectral studies. Reduced minus oxidized difference spectra of membrane vesicles were recorded aerobically at both room temperature and at 77°K as described previously (9, 11) . The extents to which Lmalate, ascorbate, NADH, and dithionite reduced membrane-bound cytochromes were compared by first storing scans of ferricyanide-oxidized membrane samples in the microprocessor of a Perkin-Elmer 557 dual-beam spectrophotometer and then adding a specific reducing agent to the sample cuvette.
Determination of midpoint potentials of membraDe cytochromes. Oxidation-reduction potentiometric titrations of membrane-bound cytochromes were conducted by the method of Dutton (1) . Redox titrations were routinely carried out in both oxidative and reductive sequences with the same results. For each type of preparation, titrations were also conducted at different mediator concentrations, showing that the Em values (midpoint potentials) were independent of the mediator concentration in the range employed. Although a single experiment is presented in each figure, the data shown are representative of several independent titrations. The redox potential was measured with a platinum-silver/silver chloride combination electrode, and the degree of cytochrome reduction was followed optically by dual-beam spectroscopy. For each distinguishable redox species, a midpoint was calculated from points at which the species was fully reduced and fully oxidized; curves were then fitted using the Nernst equation with n = 1.
Quinone and protein determinations. Petroleum ether extracts of the vesicles were analyzed for quinone content as described by Kroger (7) . Protein concentrations were determined by the method of Lowry et al. (12) , using egg white lysozyme as a standard.
RESULTS
Reduced versus oxidzed dfference spectra. Dithionite-reduced everted vesicle preparations of B. firmus RAB at pH 9.0 exhibited a-band peaks at 600 and 551 nm with a shoulder at approximately 560 nm when difference spectra were recorded at room temperature ( Fig. 1,   traced ). Also present was a P-band peak at 521 nm and a Soret absorbance band at 434 nm (data not shown). Dual-beam spectroscopy performed at liquid N2 temperatures resolved additional peaks, with a-, b-, and c-type cytochromes now more clearly indicated by a-bands at 602, 557, and 550 nm (Fig. 2) . NADH caused the reduction of a-, b-, and c-type cytochromes, whereas ascorbate-phenazine methosulfate (ascorbate-PMS) caused the reduction of c-and a-type cytochromes, and L-malate led only to the apparent reduction of a small amount of cytochrome b at pH 9.0 (Fig. 1) . By contrast, at pH 7.0, L-malate, ascorbate-PMS, and NADH all caused the reduction of c-and a-type cytochromes with no appreciable reduction of the b cytochromes that were apparent in dithionitereduced samples (Fig. 3) . Upon the shift of the pH of the vesicle suspension from 7.0 to 9.0, the reduction of b-type cytochromes was again seen as in Fig. 1 . The difference spectra of vesicles at pH 9.0 and 7.0 were also recorded at liquid N2 temperatures after reduction with either dithionite or NADH; in these spectra, NADH was again found to reduce most of the apparent (Fig. 4) .
Potentiometric titrations. Optical oxidation-reduction titrations were conducted on membrane vesicles of B. firmus RAB at both pH 9.0 and 7.0. The titrations indicated the presence of two cytochrome a species, four b-type cytochromes, and one species of cytochrome c. At pH 9.0, the major cytochrome a species had a midpoint potential of 110 mV, and the second species, contributing about 25% of the cytochrome a absorbance, titrated with a midpoint potential of 210 mV (Fig. 5A) counting for approximately 25% of the cytochrome a absorbance (Fig. 6A) . The four cytochrome b species resolved at pH 9.0 were present in roughly equal amounts. Using the wavelength pair of 560 and 575 nm, we identified two cytochromes with Em9 values of 20 and -120 mV (Fig. 5B) . Two lower-potential cytochromes with Em9 values of -280 and -400 mV were resolved with the wavelength pair 563 and 575 nm (Fig. SB) . The lowest-potential b-type cytochrome was present, but not clearly resolved, in titrations conducted at pH 7.0. Three other b-type cytochromes titrated at pH 7.0 with Em7 values of 20, -120, and -260 mV, i.e., with essentially the same midpoint potentials observed at pH 9.0 (Fig. 6B) . A single c-type cytochrome titrated with an Emg value of 60 mV ( Fig. 5C ) and an Em7 value of 55 mV (Fig. 6C) RAB resulted in data which could be fit to n = 1 Nemst curves.
The optical oxidation-reduction titrations conducted on vesicles from non-alkalophilic strain RABN were only carried out at pH 7.0, the optimal growth pH of this strain. With the wavelength pair 600 and 615 nm, only a single cytochrome a species, with an Em7 value of 110 mV, could be clearly resolved (Fig. 7A) . Also, only one species of cytochrome b could be identified with confidence; this species, with an Em7 value of -150 mV, was the only b-type cytochrome that was present in appreciable quantity (Fig. 7B) . There was some absorbance at higher potentials, but if this was, in fact, due to the presence of additional cytochrome b species, it could not be established by this approach because of the small absorbance involved and the overlap with cytochrome c. The single cytochrome c was, however, readily titrated, with an Em7 value of 160 mV (Fig. 7C) .
Idketification of membrane quinone. Ethanolic solutions of membrane extracts were reduced with NaBH4, and quinones were identified by the characteristics of reduced versus oxidized difference spectra before and after the addition of acetate buffer (to 5 mM). The quinones of B. firmus RAB and RABN were menaquinone and generated spectra similar to those of a menaquinone standard and comparable extracts from B. subtilis; these spectra were all distinct from those found with standard ubiquinone.
DISCUSSION
In general, the cytochrome complements of B. firmus RAB and its non-alkalophilic derivative, RABN firmus RAB that were titratable at both pH 9.0 and 7.0 exhibited a pH-dependent shift in midpoint potential; at least one of the cytochrome b species of B. alcalophilus exhibited such a shift (11) .
We have speculated that the large quantity and qualitative array of respiratory chain components in obligately alkalophilic bacteria may represent an adaptation that enables these organisms to meet the unusual energetic costs of life at a very high pH (11; Krulwich et al., in press). On the other hand, the respiratory chain of B. firmus RAB may fail to function well enough at pH 7.0 to produce a sufficiently large proton motive force to allow the growth of this strain at a neutral pH (5) . In this connection, the difference spectra of the wild type at pH 9.0 and 7.0 are interesting. Whereas a-, b-, and c-type cytochromes were all reduced by NADH at pH 9.0, the reduction of b-type cytochromes by NADH was markedly lowered at pH 7.0. Thus, at pH 7.0, the full cytochrome complement may not be reduced during respiration, resulting in the utilization of fewer proton pumping sites and the generation of a lower proton motive force. The basis for such a difference in respiratory chain function at pH 7.0 versus pH 9.0 is unclear; apparently, it does not result from pHdependent shifts in the midpoint potentials by b- type cytochromes. Although the respiratory chain of non-alkalophilic strain RABN is similar to that of the wild type at pH 7.0 with respect to the relatively poor ability of NADH to cause full cytochrome reduction, the non-alkalophile grows (albeit poorly) at a neutral pH. This growth is probably facilitated by the mutational change from the Na+ coupling of solute porters to H+ coupling (2, 5, 8, 10) . The H+-coupled RABN strains can utilize the modest sum of the small pH gradient (ApH) and the small electrical gradient (At) to energize transport; the Na+- coupled RAB strain depends exclusively upon the At, which is about 509o of the small total proton motive force at pH 7.0 (5). Studies of respiratory chain function, in which H+/O ratios are measured, are now in progress and may clarify the effects of pH and mutation to nonalkalophily on energy conservation by the B. firmus respiratory chain.
